Introduction
The discovery of new synthetic strategies to facilitate the efficient and green preparation of organic compounds is a vital issue of research in modern organic chemistry.
1−3 During the past decade, many attempts have been made to approach this aim, 4−7 which frequently focused on the preparation of organic compounds via one-pot multicomponent reactions. 8, 9 Among the categories of nanoscience, nanocatalysis has an important part that has recently gained much attention from chemists. Nanocatalysts have distinguishing features compared to the bulk ones. For example, nanosized systems dramatically increase the contact between reactants and catalysts.
10
Among safe and environmentally friendly nanomaterials, ZnO nanomaterials have emerged as safe and efficient catalysts in organic reactions. 11−13 Replacement of toxic organic solvents by safe and clean ones is another effective way to prevent waste production in chemical reactions.
14−16
Pharmaceutically, pyrazoles are small di-aza heterocyclic compounds that have a wide domain of approved biological activity, such as antianxiety, antipyretic, analgesic, and anti-inflammatory properties. 17−20 In regard to this background, synthesis of pyrazole derivatives has attracted considerable interest among some organic and pharmaceutical chemists. So far, several synthetic routes to bispyrazoles have been presented in the literature. In recent studies, some research groups focused on catalyzed synthesis of bispyrazoles in which aromatic aldehydes condense with pyrazolones in various conditions. 21−30 Despite the significant synthetic potential and ecological advantages, some of the present methods suffer from drawbacks including long reaction times, low product yield, and use of extra tools and unrecyclable catalysts. Above all, herein, we wish to report a convenient, green, and efficient approach to 4,4 ′ -(arylmethylene)bis(1H -pyrazol-5-ol)s syntheses using recyclable ZnO nanowires in aqueous media. * Correspondence: karami@mail.yu.ac.ir
Results and discussion
ZnO nanowire was synthesized and characterized by X-ray diffraction (XRD) pattern and scanning electron microscopy (SEM). The morphology of the ZnO nanowires was studied by scanning electron microscopy (SEM). Figure 1 shows the typical SEM image of ZnO nanowires synthesized by the solvothermal method. The ZnO nanowires have a diameter of about 20 nm and a length of a few micrometers.
The XRD spectrum of the ZnO nanowires is shown in Figure 2 . ZnO nanowires exhibited prominent (100), (002), and (101) peaks corresponding to a ZnO wurtzite structure.
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Figure 1.
Scanning electron microscopy of ZnO nanowires. Furthermore, transmission electron microscopy (TEM) analysis was performed for detailed characterization of the ZnO NWs' structure ( Figure 3 ). The TEM image reveals that the ZnO nanowire has a homogeneous diameter size of about 20 nm that does not vary significantly along the wire length. To optimize the reaction conditions, the treatment of benzaldehyde 1a with 2 was selected as a model (Scheme 2). From the perspective of green chemistry, an equal mixture of H 2 O/EtOH (1:1) was used as the reaction medium. It should be noted that reaction progress in absolute water and/or absolute ethanol was not better than that of the mixture of these solvents. From the different ratios of H 2 O/EtOH mixtures, H 2 O/EtOH (1:1) mixture was considered the most effective ratio. Initially, the model reaction was established under reflux in an equal mixture of H 2 O/EtOH (1:1) in the presence of various amounts of ZnO NWs. This reaction was firstly examined in the absence of catalyst that did not show any appreciable progress even after 120 min. Upon screening, the results clearly showed that the reaction proceeded efficiently when 2 mol% of ZnO NWs were added. Moreover, increasing the catalyst amount did not improve the results (Figure 4 ).
The reaction was also established at room temperature in an equal mixture of H 2 O/EtOH (1:1) in the presence of ZnO NWs (2 mol%); however, the results showed that at room temperature no reaction took place even after 120 min. Afterwards, the feasibility of the reaction was further studied with various aromatic aldehydes under optimized conditions, which successfully led to products with high yields in short reaction times. The results are listed in Table 1 . As can be seen from Table 1 , the nature of the substituents on the aromatic ring showed no important effects in terms of reaction time or product yields under the optimized conditions mentioned above. In fact, the aromatic aldehyde bearing both electron donating/withdrawing groups reacted well with compound 2. When the aliphatic aldehydes were replaced, however, the reactions were unsuccessful. It seems that the problem in the case of aliphatic ones is likely to be enolyzed.
In the final study, the recyclability of the ZnO NWs was investigated upon the synthesis of model compound 3a. In this case, after being recovered, the catalyst was reused for the next reaction and it was observed that the system did not show an apparent loss in catalytic activity of the ZnO NWs during 4 cycles ( Figure 5 ). To compare the present method with ones previously reported in the literature, Table 2 provides brief data. According to the results summarized in Table 2 , the merits of the presented method are confirmable due to its efficiency in the generation of desired compounds in higher yield and shorter reaction time than the other ones. A sequence of reactions such as Knoevenagel condensation followed by Michael type addition takes place during the formation of the product 3. The proposed mechanism for the ZnO catalyzed synthesis of bispyrazols 3 is depicted in Scheme 3. In the first step, the reaction undergoes the Knoevenagel condensation between aldehyde 1 and pyrazolone 2 to generate α, β -unsaturated adduct. Subsequent 1,4-addition of 2 on α, β -unsaturated adduct followed by [1, 3] -sigmatropic proton shift led to the formation of the target molecule 3.
In conclusion, we have demonstrated the efficiency of ZnO NWs as heterogeneous catalyst for the condensation reaction between aromatic aldehyde and 3-methyl-1-phenyl-5-pyrazolone in a molar ratio of 1:2, respectively. The major advantages of the present method are its excellent yields, short reaction times, simple experimental procedure, and low catalyst loading, and the recyclability of the ZnO NWs, which make this method more attractive and in accordance with sustainable chemistry.
Experimental
Chemicals were purchased from Merck and Aldrich chemical companies. SEM studies of the nanostructures were carried out with a JEOL JEM 3010 instrument operating at an accelerating voltage of 300 kV. XRD (D 8 , Advance, Bruker, AXS) patterns were obtained for characterization of the heterogeneous catalyst. TEM study of the nanostructures was carried out with a JEOL JEM 3010 instrument operating at an accelerating voltage of 300 kV. Melting points were measured on an electro thermal KSB1N apparatus. IR spectra were recorded in the matrix of KBr with a JASCO FT-IR-680 plus spectrometer.
1 H NMR and 13 C NMR spectra were recorded on a FT-NMR Bruker AVANCE UltraShield Spectrometer at 300.13 (400.13 and 250. 13 MHz for a few products) and 76.46 MHz (100.62 and 62.6 MHz for a few products), respectively, in DMSO-d 6 as the solvent in the presence of tetra methyl silane as the internal standard. TLC was performed on TLC-grade silica gel-G/UV 254 nm plates. All of the products were isolated, purified, and deduced from their elemental analyses (C, H, N), IR, 1 H NMR, and 13 C NMR spectral data.
Preparation of ZnO NWs
ZnO nanowires were obtained by a slight modification of the method reported in the literature. (41 mmol) of NaOH was added followed by stirring for 1.5 h to make it dissolve at room temperature. The resulting cloudy solution was sealed in a 70 mL Teflon-lined stainless-steel autoclave and heated at 120
• C for 24 h. The autoclave was then allowed to cool down to room temperature. White precipitate was collected by centrifugation and washed with water and ethanol several times until the washing solution was free of NaOH. The average diameter of the ZnO nanowires is ∼ 20 nm with lengths going up to a few micrometers.
Synthesis of 4,4 ′ -(arylmethylene)bis(1H-pyrazol-5-ol) using ZnO NWs
A solution of the aromatic aldehyde 1 (1 mmol), the pyrazolone 2 (2 mmol), and ZnO NWs (2 mol%) in
EtOH/H 2 O (1:1, 10 mL) was stirred under reflux for a stipulated time. The progress of the reaction was checked by TLC. After completion, the reaction mixture was cooled to room temperature and solvent was evaporated under reduced pressure. The precipitate was dried and dissolved in hot EtOH to separate the catalyst. The product 3 was obtained after recrystallization from EtOH and no further purification was needed. 
Representative spectral data
4,4 ′ -(Phenylmethylene)bis(3-methyl-1-phenyl-1H-pyrazol-5-ol) (3a):
